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Submandibular acinar cellsThe salivary acinar cells have unique Ca2+ signaling machinery that ensures an extensive secretion. The
agonist-induced secretion is governed by Ca2+ signals originated from the endoplasmic reticulum (ER)
followed by a store-operated Ca2+ entry (SOCE). During tasting and chewing food a frequency of
parasympathetic stimulation increases up to ten fold, entailing cells to adapt its Ca2+ machinery to promote
ER reﬁlling and ensure sustained SOCE by yet unknown mechanism. By employing a combination of
ﬂuorescent Ca2+ imaging in the cytoplasm and inside cellular organelles (ER andmitochondria) we described
the role of mitochondria in adjustment of Ca2+ signaling regime and ER reﬁlling according to a pattern of
agonist stimulation. Under the sustained stimulation, SOCE is increased proportionally to the degree of ER
depletion. Cell adapts its Ca2+ handling system directing more Ca2+ into mitochondria via microdomains of
high [Ca2+] providing positive feedback on SOCE while intra-mitochondrial tunneling provides adequate ER
reﬁlling. In the absence of an agonist, the bulk of ER reﬁlling occurs through Ca2+-ATPase-mediated Ca2+
uptake within subplasmalemmal space. In conclusion, mitochondria play a key role in the maintenance of
sustained SOCE and adequate ER reﬁlling by regulating Ca2+ ﬂuxes within the cell that may represent an
intrinsic adaptation mechanism to ensure a long-lasting secretion.
Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.1. Introduction
The submandibular salivary gland provides amajor contribution to
the secretion of ﬂuid and electrolytes [1,2]. Salivary ﬂow occurs in two
distinct modes: resting secretion occurring at a low rate and evoked
secretion stimulated by the tasting and chewing food when moreolic Ca2+ concentration; ER,
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Evoked secretion is activated by acetylcholine (ACh), secreted by
parasympathetic nerves [1,2]. ACh-induced ﬂuid secretion is mediat-
ed by a complex [Ca2+]cyt signal that is required for a synchronized
activation of apical Ca2+-dependent Cl− channels and basolateral K+
channels driving water ﬂow out of the gland [2]. Prolonged salivation,
which occurs during the ingestion of a meal, is initiated by an InsP3-
mediated Ca2+ release from the endoplasmic reticulum (ER) but
subsequently depends on the [Ca2+]cyt increase that is maintained by
store-operated Ca2+ entry (SOCE) [1–3]. The acinar cells are
characterized by a speciﬁc structural and functional polarization and
extremely developed ER, which substantially exceeded the ER in other
cell types [2,4]. Under intense stimulation, the decrease in the ER (or
intraluminal) level of Ca2+ ([Ca2+]ER) due to InsP3 receptors activity
may alter ER protein synthesis and processing, triggering ER stress
response [5]. Therefore the acinar cell needs to undergo an
adaptational change in Ca2+ signaling to promote the ER reﬁlling
and sustained SOCE necessary for a prolonged salivation.
Molecular mechanisms responsible for SOCE in acinar cells are not
completely understood, although trans-membrane transient receptor
potential channel 1 (TRPC1) is reported to be a core component of the
store-operated channel (SOC) [6,7]. Recently, it was shown that two
other proteins STIM1 and Orai1 can reconstitute store-activated trans-hts reserved.
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are required for the induction of SOCE in response to the ER depletion;
they formTRPC1–STIM1–Orai1 ternary complex in theER–PMlipid rafts
domains [9–11]. The genetic deletion of evenoneprotein of the complex
results in a dramatic decrease of SOCE and Ca2+-dependent K+ currents
[7]. Mutant TRPC1−/− animals demonstrate severe impairment of ﬂuid
secretion highlighting the importance of SOCE in the maintaining of
physiological function of salivary cells [7].
Although Ca2+ entry is required for salivation, a cell needs to
maintain the balance between Ca2+ inﬂux and clearance resisting the
risk of Ca2+ overload. Cytosolic Ca2+ clearance is accomplished by
PMCA and SERCA as well as by Ca2+ uptake via Ca2+ uniporter of
mitochondria [1,12]. Mitochondrial Ca2+ uptake is involved in the
regulation of SOCE by preventing Ca2+-dependent inactivation of
SOCs [13,14]; in addition, mitochondrial respiration can control activa-
tion of SOCE [15]. Ca2+ taken up by mitochondria is subsequently
released through the mitochondrial Na+/Ca2+ exchanger (NCX) and
may provide an additional source of Ca2+ for ER reﬁlling. Hence,
mitochondria are likely to be an adaptation system controlling interplay
between SOCE and sustained ER reﬁlling under prolonged stimulation.
In the present study, we aimed to deﬁne the mechanism of acinar
cell adaptation under sustained agonist stimulation. We utilized a set
of calcium imaging techniques to characterize the role of mitochon-
dria in adjusting of Ca2+ signaling regime to a pattern of agonist
stimulation.
2. Materials and methods
2.1. Isolation of submandibular acinar cells, extracellular solutions
Male 150–200 g Wistar rats were used in all experiments in
accordance with protocols of the Animal Care and Use Committee at
the Bogomoletz Institute. Acinar cells were isolated from the
submandibular salivary gland using collagenase digestion as de-
scribed previously [16,17]. The extracellular solution contained (in
mM): NaCl 135, KCl 5, HEPES/NaOH 10, MgCl2 2, CaCl2 2, glucose 10,
pH 7.35. For Ca2+-free solution, CaCl2 was omitted, MgCl2 was
increased to 4 mM and 1 mM EGTA was added.
2.2. Calcium imaging and electrophysiology
For measuring [Ca2+]cyt cells were loaded with fura-2/AM (5 μM)
as described previously [16]. Brieﬂy, dye-loaded cells were alternately
excited at 360 and 390 nm; emission was recorded at 510±10 nm.
Epiﬂuorescent images were captured using the Olympus BX50WI
ﬁxed-stage microscope (New York/New Jersey Scientiﬁc, NJ, USA)
ﬁtted with a 60× (0.90 NA) water immersion objective and a high-
sensitivity cooled CCD camera (Sensicam, PCO, Germany). The images
were acquired in the fast mode using 2×2 binning with a temporal
resolution of ~300 ms per frame The excitation light was delivered by
a monochromator (Polychrom IV, TILL Photonics, Germany) at a cycle
frequency of 6 Hz. Imaging Workbench 2.2 software (Axon In-
struments/Molecular devices, Union City, CA) was used for controlling
the monochromator and image acquisition.
For monitoring free Ca2+ concentration inside the ER ([Ca2+]ER)
cells were loaded with a low-afﬁnity Ca2+ dye mag-fura-2/AM (6 μM)
as described elsewhere [17,18]. The cytosolic portion of mag-fura-2
was washed out in the whole-cell conﬁguration [17]. Electrophysio-
logical recordings were made using the Patch Clamp PC-505B
ampliﬁer (Warner Instruments, Hamden, USA) and digitized by a
Digidata board 1320A (Molecular Devices), which was controlled by
Clampex 8.2 software (Molecular Devices). Membrane potential was
held at −40 mV. The intrapipette solution contained (in mM): K-
gluconate 133, NaCl 5, MgCl2 0.5, HEPES/KOH 10, Mg-ATP 2, Na-GTP
0.5, pH to 7.2 and the ﬁnal osmolarity 280–290 mOsm. To buffer free
Ca2+ inside the pipette, intrapipette solution was supplementedeither with 5 mM EGTA or with 5 mM BAPTA, as indicated in the text.
[Ca2+]ER was expressed as the changes in a ratio of mag-fura-2
ﬂuorescence (F340/F380).
Mitochondrial [Ca2+] was measured with rhod-2/AM (5 μM) as
described previously [17]. The cytosolic portion of the dye was
washed out using patch-clamp approach. Rhod-2 was excited at
543 nm; emission was recorded at 576 nm. [Ca2+]mit was expressed
as the changes in rhod-2 ﬂuorescence over the baseline (ΔF/F0). The
baseline ﬂuorescence (F0) was deﬁned as the cell ﬂuorescence prior to
stimulation and after the subtraction of background ﬂuorescence.
2.3. Electron microscopy
Isolated clusters of acinar cells were ﬁxed with 2% paraformalde-
hyde and 2% glutaraldehyde in 0.1 M phosphate buffer (PB, pH=7.4)
for 12 h at 4 °C; subsequently rinsed in cold PB and post-ﬁxed in a
solution containing 1% of osmium tetroxide, see also [12]. Cells were
dehydrated in the increasing series of ethanol, pre-embedded with
propylene oxide, and embedded in Epoxid resin (Plano, Wetzlar,
Germany). Ultrathin sections (60–70 nm), after their post-staining
with lead citrate and uranyl acetate, were examined with a JEM
electron microscope (JEOL, Japan) at 80 kV.
2.4. Data analysis
All data are expressed as mean±S.E.M. Statistical signiﬁcance was
calculated using paired and unpaired Student's t-test where appropri-
ate; for multiple comparisons ANOVA analysis of variance was utilized.
p Valuesb0.05 were considered as statistically signiﬁcant. Each trace
shown is representative of at least ﬁve independent experiments.
3. Results
3.1. The amplitude and kinetics of SOCE-mediated [Ca2+]cyt transients
directly correlate with a pattern of ER depletion
To visualize SOCE-mediated [Ca2+]cyt transients, we depleted the
ER in Ca2+-free extracellular solution with either acetylcholine (ACh,
5 μM) or SERCA inhibitor thapsigargine (TG) or with both agents.
Subsequently 2 mM Ca2+ was added to the extracellular solution
producing Ca2+ inﬂux (Fig. 1). In order to mimic conditions when
cells are subjected to either single or several stimuli, we used two
different protocols of ACh application: short (15 s, Fig. 1A) and
prolonged (5 min, Fig. 1C, D). In the latter case Ca2+ entry was
induced in the continuing presence of an agonist.
The magnitudes of the SOCE-mediated [Ca2+]cyt transients
strongly correlates with the degree of ER depletion (Fig. 2B, C).
SOCE-induced [Ca2+]cyt transients with the lowest amplitude were
produced when the ER was depleted by a short ACh application (73±
7 nM, n=29; Figs. 1A, 2A, C), while SOCE with the highest amplitude
were produced when the ER was depleted by a prolong ACh ap-
plication (332±23% vs short ACh, n=18, pb0.001; Figs. 1C, 2A, C).
Depletion of the ER by TG or by prolong ACh application in the
presence of TG caused signiﬁcant increase of the mean amplitude
of SOCE-induced [Ca2+]cyt transients (by 151±19%, n=10, pb0.01
or by 266±31% vs short ACh, n=7 correspondingly; Fig. 1B, D).
Nevertheless the amplitude of SOCE-related [Ca2+]cyt transient
produced by ACh in the presence of TG was similar to that induced
by prolong application of ACh alone (pN0.3; Fig. 2A, C). The
aforementioned stimulation protocols changed the initial slope of
[Ca2+]cyt transients in a similar manner (Fig. 2A–C). The initial slope is
believed to be a more accurate reﬂection of the number of open SOCs
[19]. The amplitude of SOCE-mediated [Ca2+]cyt transient linearly
correlates with its initial slope in all patterns of ER depletion (Fig. 2B),
suggesting an increase in the number of active SOCs in the condition
of a potent and prolonged stimulus.
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Fig. 1. Type and duration of stimulation determines the potency of SOCE. Representative
recording of [Ca2+]cyt, where the ER was depleted in Ca2+-free extracellular solution by a
short ACh application (A), SERCA inhibitor TG (B), long application of ACh (C) or both ACh
and TG in combination (D). Duration of a drug application is indicated by boxes. Following
ER depletion acini were perfused with Ca2+ containing extracellular media to activate
SOCE; duration of the perfusion is indicated by a shadowed area.
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on the stimulation protocol. Complete recovery of [Ca2+]cyt transient
was observed only when SOCE was induced by a short ACh application
(Fig. 1A). The time-course of [Ca2+]cyt recovery in TG-treated cells was
biexponential, comprising fast and slow components, although we did
not observe a complete recovery in the presence of extracellular Ca2+
(Fig. 1B). In the continuous presence of ACh, SOCE-mediated [Ca2+]cyt
transients showed only small and slow decay (Fig. 1C, D). We found no
signiﬁcant difference between the recovery of SOCE-mediated [Ca2+]cyt
transients induced in the continuous presence of ACh or ACh with TG
(Fig. 2D). Therefore SERCA activity does not signiﬁcantly inﬂuence Ca2+
clearance in the presence of ACh suggesting a rearrangement of the
mechanisms contributing to ER reﬁlling.
3.2. Inhibition of mitochondrial Ca2+ uptake and release suppresses SOCE
A crucial role of mitochondria in maintaining SOCE has been
highlighted in many cell types [19,24,34]. To test an involvement of
mitochondria in regulation of SOCE in the acinar cells, we run the
abovementioned protocols in the presence of inhibitors of mitochon-
drial Ca2+ transport.
In line with our previous ﬁndings [17], an inhibition of mitochon-
drial Ca2+ uptake by protonophore FCCP (2 μM) induced a small and
non-transient rise of [Ca2+]cyt reﬂecting slow release of Ca2+ from
mitochondria; next re-addition of extracellular Ca2+ produced SOCE
(Fig. 3A). To exclude the potential inhibitory effect of FCCP on ATP
depletion, the same experiment was performed in the presence of
inhibitors of mitochondrial respiratory complex III (antimycin A,
10 mg/ml) and mitochondrial ATP synthase (oligomycin, 1 mg/ml).
As shown in Fig. 3A, the effect of antimycin A and oligomycin mixture
either on the release of Ca2+ from mitochondria or on SOCE was
similar to that induced by FCCP. The inhibition of mitochondrial Ca2+
uptake signiﬁcantly decreased both the peak amplitude and initial
slope of SOCE-mediated [Ca2+]cyt transients; such decreases were
observed for all ER depletion protocols and depended on the potency
of depletion (Fig. 3F). In particular, in the presence of FCCP, SOCE
produced by a short ACh application was reduced by 44±2% (n=5,
pb0.01), TG—by 72±9% (n=15, pb0.01), prolong ACh application—by 75±4% (n=5, pb0.01), ACh with TG—by 70±2% (n=5, pb0.01).
The reduction of the initial slope of SOCE-induced [Ca2+]cyt eleva-
tion produced by a short ACh application equaled 63±12% (n=5,
pb0.01); TG—by 80±12% (n=10, pb0.01), prolong ACh stimulation
—by 86±19 (n=5, pb0.001), and ACh with TG—by 81±15 (n=5,
pb0.01). These results indicate the crucial role of mitochondria in
providing a necessary number of open SOCs, likely by relieving their
Ca2+-dependent inactivation [13].
The fact that an inhibition of mitochondrial Ca2+ uptake equalized
the amplitudes and kinetics of SOCE in all protocols indicates that
mitochondria are responsible for the differences in the degree of Ca2+
entry. Furthermore, the contribution of mitochondrial Ca2+ uptake in
supporting SOCE turns out to be signiﬁcantly larger under prolonged
stimulation.
Since Ca2+ uptake into mitochondria is followed by a Ca2+ release
via NCX, we tested its contribution to SOCE. Similar to the effect of
inhibition of mitochondrial Ca2+ uptake, the inhibition of NCX by a
selective antagonist CGP 37157 (20 μM) decreased the amplitude
and decelerated SOCE-mediated [Ca2+]cyt transients in all store deple-
tion modes with the strongest effect in the case of prolonged ER
depletion protocol (Fig. 3). Contrary to FCCP, CGP 37157 did not
equalize either SOCE amplitudes or kinetics. In particular, it had a less
pronounced effect on the amplitude of SOCE triggered by prolong ACh
application (by 52±3%, n=6, pb0.0001; Fig. 3D, F) and insigniﬁ-
cantly inhibited SOCE after short ACh stimulation (by 24±1%, n=18,
pN0.05; Fig. 3A–B, F). In the presence of TG or TG with ACh, the NCX
blockade suppressed SOCE by 52±6% (n=11, pb0.0; Fig. 3C, F) and
75±19% (n=5, pb0.01; Fig. 3E, F), respectively. The initial slope
of SOCE was also reduced by CGP 37157 (short Ach application: by
39±4%, n=20, pb0.05; TG: by 76±8%, n=12, pb0.01; prolonged
Ach: by 47±7%, n=6, pb0.01; ACh with TG: by 69±9%, n=8,
pb0.01; Fig. 3B–F).
These data indicate that mitochondrial Ca2+ buffering capacity is
sufﬁcient to avoid Ca2+-dependent inactivation of SOCE induced by a
short stimulation, while trans-mitochondrial transport is essential for
supporting SOCE under sustained stimulation.
3.3. Mitochondrial [Ca2+] dynamics following SOCE activation
To directly monitor Ca2+ dynamics in mitochondria during SOCE, we
measured [Ca2+]mit changes in rhod-2-loaded cells (Fig. 4A–B, upper
panel). The activation of SOCE following a short ACh application yielded a
small increase of [Ca2+]mit (Fig. 4A, lower panel), whereas prolong ACh
stimulation, TG or both caused a large [Ca2+]mit rise (Fig. 4B, C). The
amplitudes of SOCE-induced [Ca2+]mit transients triggered by TG were
increased by 126±17% (n=9, pb0.05), ACh with TG—by 400±62%
(n=5, pb0.01) and continuous present ACh—by 506±67% (n=7,
pb0.001) versus short ACh (Fig. 4E). We found that the initial slope of
SOCE-mediated [Ca2+]cyt transient positively correlates with the initial
slope of [Ca2+]mit rise for all ER depletion protocols (Fig. 4D). The latter
further supports the idea that accelerated mitochondrial Ca2+ accumu-
lation serves to relieve Ca2+-dependent desensitization of SOCs under
potent stimulation. In separate control experiments, we demonstrated a
drop of [Ca2+]mit after application of FCCP that represents release of Ca2+
frommitochondria consistently with our previous observations [17]; any
[Ca2+]mit rise was observed after re-addition of extracellular Ca2+ in the
conditions of inhibited mitochondrial Ca2+ uptake (Fig. 4A, lower panel).
At the same time, activation of SOCE in the presence of CGP resulted in a
transient rise of [Ca2+]mit andno recoveryof [Ca2+]mitwasobservedwhile
CGP was present (Fig. 4B), conﬁrming that NCX is a sole route for Ca2+
release from the mitochondria.
To probe for a functional proximity ofmitochondrial Ca2+ uptake sites
and SOCs in the plasma membrane, we compared the effects of slow
(EGTA) and fast (BAPTA) Ca2+ buffers added to the intrapipette solution
on the SOCE-induced changes of [Ca2+]mit. EGTA is not effective for
buffering Ca2+ microdomains, whereas BAPTA effectively buffers short-
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SOCE-mediated [Ca2+]mit elevation induced by a short ACh application
wasnot signiﬁcantly different in cells perfusedwith either BAPTAor EGTA
(ΔF/F0 was 0.137±0.040 versus 0.197±0.043, n=5, pN0.1; Fig. 5A, C).
By contrast, in the continuous ACh presence, BAPTA suppressed and
decelerated SOCE-mediated [Ca2+]mit transients by 52±8% (n=6,
pb0.01) and 40±4% (n=5, pb0.05; Fig. 5B, C). These ﬁndings directly
indicate a formation of microdomains of high Ca2+ between mitochon-
dria uptake sites and SOCs during sustained stimulation.3.4. Mitochondria control intra-ER Ca2+ dynamics
To conﬁrm the fact that both the amplitude and kinetics of SOCE-
induced [Ca2+]cyt and [Ca2+]mit transients depend on the type and
duration of ER depletion, one needs to perform direct measurements of
luminal Ca2+ dynamics and estimate the levels of ER depletion/reﬁlling.
For this we used a low-afﬁnity Ca2+ dye mag-fura-2. Short ACh
stimulation in Ca2+-free solution produced a modest signiﬁcant
transient decrease in [Ca2+]ER (ΔF340/F380 ratio was decreased by
0.030±0.003, n=18; Fig. 6A). Re-addition of extracellular Ca2+ after a
short ACh application initiated ER reﬁlling, which was biexponential
with initial fast and subsequent slow components and accomplished
within 5 min (Fig. 6A). Prolonged ACh stimulation triggered pro-
nounced [Ca2+]ER decrease (by 0.097±0.008, n=10; Fig. 6A), which,
upon Ca2+ re-addition, was followed by ER reﬁlling. The normalized
initial rate of ER reﬁlling was 181±30% faster compared to that after a
short ACh (n=10, pb0.01). The ER reﬁlling was never fully accom-
plished in the presence of ACh, which reﬂects continuous InsP3-induced
Ca2+ release from the ER. The very similar kinetics of ER depletion and
reﬁlling was also recorded when the intrapipette solution contained
10 μM of InsP3 (data not shown). In a separate group of control
experiments, we demonstrated no recovery of [Ca2+]ER upon activation
of SOCE in the presence of TG or TG with ACh (Fig. 6A). We found the
linear correlation between the initial slopes of SOCE-induced [Ca2+]cyt
transients and the integrated ∫[Ca2+]ER(t) function over the duration of
stimulation for all protocols (Fig. 6D). The integrated ∫[Ca2+]ER(t) was
proportional to the amount of calcium released from the ER. Thissuggests that stronger stimulation produces the larger ER depletion as
well as larger SOCE activationwith an increased number of active SOCs.
Since the inhibition of NCX decreases and decelerates SOCE-induced
[Ca2+]cyt transients, we hypothesized that Ca2+ released by mitochon-
dria should contribute to the ER reﬁlling. We suggested also that an
increased effect of CGP 37157 on SOCE induced by a prolonged ACh
stimulation might reﬂect the larger impact of Ca2+ released by
mitochondria to the ER reﬁlling. We found that in mag-fura-2/AM-
loaded cells after short administration of ACh with CGP 37157, the
efﬁcacy of ER reﬁlling decreased by 30±7% (n=14, pb0.01) with
no signiﬁcant changes of its initial slope (Fig. 6B). However, in the
continuouspresenceof ACh, CGP37157 causedboth dramatic inhibition
of SOCE-mediated ER reﬁlling (by 78±14%, n=10, pb0.001) and its
deceleration (by 59±21%, n=9, pb0.01; Fig. 6C). These results
demonstrate the increased contribution of mitochondrial Ca2+ release
to the ER reﬁlling in the conditions of prolonged cell stimulation.
We further tested the role of NCX in the ER reﬁlling using fura-2/
AM-loaded cells stimulated by short or prolonged ACh applications.
We ﬁrst stimulated cells with ACh to activate SOCE and then allowed
the ER to reﬁll in the absence or presence of CGP 37157. Subsequently
ACh was applied for the second time in the Ca2+ free media. The
amplitude of second ACh-induced [Ca2+]cyt transient was then used as
a measure of the amount of Ca2+ accumulated in the ER being hence
the readout of the efﬁcacy of ER reﬁlling. We found that when ER was
reﬁlled in the absence of ACh, CGP 37157 resulted in a decreased
amplitude of second ACh-induced [Ca2+]cyt transient by 32±6%
(n=15, pb0.001; Fig. 5E). When NCX was inhibited and ACh was
present during Ca2+ re-addition, the second ACh-induced [Ca2+]cyt
transient was almost completely abolished (88±7% reduction,
n=15, pb0.001; Fig. 5F). These data further demonstrate that
under prolonged agonist stimulation, Ca2+ release frommitochondria
represents a major pathway for the ER reﬁlling.
3.5. The ability of mitochondria to allocate store-operated Ca2+ inﬂux and
deﬁne the pattern of ER reﬁlling is due to their speciﬁc subcellular localization
Our data suggest the several physical limitations on a localization
of intracellular organelles: (i) mitochondria should be closely
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Fig. 3.Mitochondrial Ca2+ uptake and release via NCX is required for sustained SOCE. An overlay of representative recordings of [Ca2+]cyt, where the ER was ﬁrst depleted in Ca2+-
free extracellular solution by a short ACh application with following Ca2+ re-addition in the presence of FCCP (black trace) or mixture of antimycin and oligomycin (blue trace) (A).
An overlay of SOCE-induced [Ca2+]cyt transients before, after FCCP or CGP 37157 applications (B–E). Statistical analysis of amplitudes and initial slopes of SOCE with or without FCCP
or CGP 37157 (F). *pb0.05, **pb0.01, ***pb0.001 versus control, #pb0.05, ##pb0.01 versus indicated series.
1744 O. Kopach et al. / Biochimica et Biophysica Acta 1813 (2011) 1740–1748associated with ER to enable formation of Ca2+ microdomains;
(ii) mitochondria should be close to PM to prevent Ca2+ dependent
inactivation of SOCE; (iii) ER should be close to PM to allow the direct
(bypassing the cytoplasm) and efﬁcient ER reﬁlling. The availability of
the conditions outlined in (i) and (ii) were in part shown earlier [17],
when we described two groups of mitochondria: ﬁrst, close to ER
membrane around the nucleus (peri-reticulum mitochondria), and
the second, adjacent to PM (subplasmalemmal mitochondria). There
were no ER strands between the PM and subplasmalemmal
mitochondria while ER surrounded it on the other side. To support
the existence of the conditions iii) and to further clarify a mito-
chondria location relative to other organelles, we performed an EM
analysis of the internal structure of basolateral region of submandib-
ular acinar cell. We measured the percentage of the PM directly
opposed by either mitochondria or the ER; the shortest distance
between the PM and ER as well as the PM and mitochondria; the ratio
of the total number of subplasmalemmal mitochondria to the number
of mitochondria localized within 10 nm from the PM.
Using 100 EM images obtained from 10 cells we found that the ER
occupied 21±3% and mitochondria 23.5±4% of space directly
beneath basolateral PM. The shortest distance between the ER and
PMwas in average 23±2 nm (n=61 strands of ER in 8 cells); in some
cases it was less than 7 nm (Fig. 7C). The shortest distance betweenthe mitochondria and the PM was in average 26±3 nm (n=69
mitochondria in 9 cells); it was as small as 6 nm (Fig. 7B). The ratio of
mitochondria lying in the closest vicinity of PM (less 10 nm) to the
total number of subplasmalemmal mitochondria was 67±3%. These
EM data support the physical requirements outlined in (i), (ii), (iii)
corroborating the existence of two ER reﬁlling mechanisms.
4. Discussion
During the tasting and chewing food the frequency of ACh release
substantially increases, causing up to ten-fold increase in salivation.
The maintenance of an efﬁcient ﬂuid and protein saliva secretion in
the conditions of prolonged presence of an agonist requires
(i) dynamic interaction between Ca2+ release and Ca2+ inﬂux sites
to preserve Ca2+-dependent K+ and Cl− channels activity for the
prolonged period of time; (ii) an effective reﬁlling of the ER, since a
proper [Ca2+]ER level is essential for a proteins processing and
secretion [5], (iii) an effective buffering of Ca2+ entering acinar cells to
prevent Ca2+-dependent inactivation of SOCs [13,14] and cytoplasmic
Ca2+ overload to limit Ca2+ toxicity. Therefore, acinar cells require
speciﬁc mechanisms adapting Ca2+-regulating machinery under
sustained stimulation to ensure the efﬁciency of secretion at the
same time avoiding risks of cytoplasmic Ca2+ overload and ER
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rearrangement of intracellular Ca2+ sequestration and an increased
role of trans-mitochondrial Ca2+ transport within the cell.0 Ca2+ 2 mM Ca2+
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versus ACh short, ##pb0.01 versus indicated series.SOCE is an intrinsic component of an agonist-induced response,
crucial for the prolongation and regeneration of Ca2+ transients, and
ultimately the secretion [7]. To temporally separate SOCE from an
InsP3-dependent release from the ER and investigate SOCE depen-
dence on a stimulation pattern, we used an approach in which ER
depletion was followed by the re-addition of extracellular Ca2+
[19,21]. The amplitudes and more importantly slopes [19] of SOCE-
mediated [Ca2+]cyt transients strongly correlated with the degree of
ER depletion (Figs. 2B,C, 6D), showing that increased ER depletion
translates to the increased number of active SOCs. It may represent a
bigger proportion of STIM1 translocation to the PM during stronger ER
depletion and forming more TRP1–STIM1–Orai1 complexes in the
lipid raft domains [9,11]. Besides, the maintenance of robust SOCE
under sustained stimulation suggests the presence of an adaptation
mechanism preventing Ca2+-dependent inactivation of SOCs [22,23].
In the continuous presence of ACh, the recovery of SOCE-induced
[Ca2+]cyt transients was much slower compared to either a short
application of ACh or TG alone (Fig. 2D). It suggests that during a
prolonged presence of an agonist there is an additional Ca2+ release
from an intracellular compartment. We reasoned that this is mito-
chondria taking up Ca2+ during SOCE and interacting with other Ca2+
sequestrating systems, such as SERCA, in the manner that depends
on the presence of an agonist. Indeed, there is a substantial body
of evidence describing an ability of mitochondria to inﬂuence ER-
dependent Ca2+ entry [15,19,24], however, their contribution to SOCE
maintenance in acinar cells is unknown yet. The acinar cells have
unique Ca2+ signaling machinery speciﬁcally adapted to their
structural and functional polarization [2,4,25]. In highly polarized
acinar cells, extremely developed rough ER is localized in basolateral
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close vicinity with PM and ER [4,17,26].
Our results demonstrated that mitochondria are required for the
maintaining of SOCE in all ER depletion protocols. Blocking of
mitochondrial Ca2+ uptake equalized the amplitudes and slopes of
SOCE transients (Fig. 3), indicating that mitochondria are responsible
for the differences in the degree of SOCE activation. Furthermore,
there is a positive correlation between the number of open SOCs and
the rate of [Ca2+]mit transients (Fig. 4D). Several possible mechanisms
have recently been implicated to explain the ability of mitochondria
to facilitate SOCE. Mitochondria can reduce Ca2+-dependent inacti-
vation of SOCs buffering cytoplasmic Ca2+ in the ER–PM junctions,
thus maintain the channel's activity [22,23]. The rise in [Ca2+]mit
potentiates ATP synthesis and aerobic metabolism [15]. An increase in
local ATP can either energize nearby Ca2+ pumps or ATP can serve as a
Ca2+ buffer itself [27,28]. In addition, pyruvic acid, a key metabolic
product of mitochondria, directly reduces SOCs inactivation indepen-
dently ofmitochondrial Ca2+ uptake or ATP production [29]. Although
we cannot pinpoint the exact mechanism by which mitochondrial
facilitate SOCE, our results strongly argue for a pivotal role of
mitochondria in maintaining of SOCE.
We also showed that mitochondrial Ca2+ uptake sites are closely
opposing the Ca2+ entry sites on the PM forming microdomains of
high [Ca2+] since fast Ca2+ chelator BAPTA was more effective in
limiting mitochondrial Ca2+ uptake during SOCE compared to EGTA
(Fig. 5). This suggests that the distance between the SOC mouth and2 mM
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Fig. 7. Stimulation pattern deﬁnes the mechanism of ER reﬁlling. An overlay of
representative [Ca2+]cyt responses in intact cells evoked by two ACh applications in
Ca2+-free media intermitted by the re-addition of Ca2+ (enabling the ER reﬁlling) in
the presence or absence of CGP 37157 (A). The amplitude of secondACh-induced [Ca2+]cyt
transient was used as an indicator of the effectiveness of ER reﬁlling. Experiment similar
to (A) except that ACh was continuously present during ER reﬁlling (B).mitochondrial uptake site has to be between ~10 and 90 nm, as was
estimated previously [20,27]. The formation of Ca2+ microdomains
occurs only in the continuous presence of an agonist, suggesting
the saturation of subplasmalemmal SERCA in the condition when
powerful SOCE exceeds their pumping ability; the effect recognized
in other cell types [30]. Therefore, during a potent stimulation
the cell adapts its Ca2+ clearance system directing more Ca2+ into
mitochondria.
Mitochondrial Ca2+ accumulation reﬂects the efﬁcacy of two
processes: Ca2+ uptake and Ca2+ release [28]. By measuring [Ca2+]mit
we show thatNCX is a sole route for Ca2+ release from themitochondria
(Fig. 4B). However, contrary to blocking mitochondrial Ca2+ uptake, an
inhibition of NCX did not change SOCE induced by a short ACh
suggesting that intrinsic Ca2+ buffering capacity of mitochondria is
sufﬁcient to prevent initial inactivation of SOCE. On the other hand, in
the continuous presence of an agonist, an inhibition of NCX signiﬁcantly
reduced SOCE, representing the gradual (within minutes) SOCs
inactivation caused by the inability of mitochondria to take up more
Ca2+ due to eliminated residual Ca2+ release through NCX. The latter is
likely explained by an increased acidiﬁcation of mitochondria matrix
and uniporter inactivation [29]. Ca2+ release through NCX may
represent an additional source for the ER reﬁlling. Involvement of NCX
in the ER reﬁlling was quantiﬁed by two approaches: (i) direct
measurementof [Ca2+]ER replenishment; (ii) comparison of the amount
of Ca2+ released from the ER by ACh before and after the ER reﬁlling.
During a short ACh application the blockade of NCX diminished ER
reﬁlling and decreased the amount of releasable Ca2+ inside the ER by
~30% (Fig. 6E). Ca2+ released by NCX is taken up into the ER by SERCA
viamicrodomainsof high local [Ca2+], sinceCGP37157didnot affect the
amplitude of SOCE (Fig. 3A, E). Our EM data support this conclusion
revealing a close spatial proximity of mitochondria and ER membranes
(Fig. 7) along with such observations in other cell types [14,31]. Hence,
in the absence of an agonist, the bulk of Ca2+ entering the acinar cell
during SOCE is rapidly accumulated into the ER by SERCA without a
robust increase in [Ca2+]cyt (Fig. 8A).Direct SERCA-mediated ER reﬁlling
is possible because of tight macromolecular assembly of TRPC1 and
Orai1 with STIM1 within ER–plasma membrane lipid raft domains and
their colocalization with other Ca2+ sensitive proteins (e.g. SERCA,
PMCA, PLC, InsP3 receptors) involved in an activation of SOCs [10,32,33].
Due to our data (see also [26]) close apposition of the ER strands and the
PM ensures a formation of the microdomains of high [Ca2+].
In the absence of an agonist, we did not observe Ca2+-dependent
inactivation of SOCs because SERCAs provide sufﬁcient pumping (see
also [24,34]). In the continuing agonist presence, the close apposition
of the PM and ER will put a strain on the prolonged functioning of
Fig. 8. Relative positions of mitochondria, ER and PM in the basolateral region of acinar
cell. An electron-microscopy image of intracellular structure of the basolateral region of
acinar cell (SG, secretory granules; mit, mitochondrion) (A). Scale bar=1 μm. A
representative example of the ER strands establishing close contacts with PM in the
basolateral region of cell (B). An example of the close association between a
mitochondrion and PM (C). Scale bars=0.1 μm.
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InsP3 receptors leads to saturation of nearby SERCAs and Ca2+-
dependent inactivation of SOCs. Indeed, overlapping localization ofFig. 9. Proposed model for an adaptation of Ca2+ signaling to a pattern of agonist
stimulation. In the absence of an agonist, the bulk of Ca2+ entering the cell following SOCE
does not spread into cytosol and is sequestered into the ER via subplasmalemmal SERCA
preventingCa2+-dependent inactivationof SOCs (positive feedback) (A).Whenan agonist
is present during SOCE, Ca2+ outﬂow constantly from the ER through InsP3 receptors that
leads to a saturation of subplasmalemmal SERCAs and SOCs inactivation (negative
feedback) (B). Mitochondria relieve Ca2+-inactivation of SOCs taking up Ca2+, tunneling
and subsequently releasing throughNCX (positive feedback). Stars indicatemicrodomains
of high local [Ca2+].InsP3 receptors and SERCAs has been demonstrated in the basolateral
part of acinar cells [35,36]. Moreover, InsP3 receptors can relocate into
the punctae of the subplasmalemmal region upon the ER depletion
[37] facilitating Ca2+-dependent inactivation of SOCs. Therefore,
under the sustained stimulation, the maintenance of SOCE is only
possible due to the involvement of additional system, which recedes
Ca2+ away from the PM preventing the inactivation of SOCs. Our data
suggest thatmitochondria play this role in acinar cells being located in
the vicinity of the PM and providing a tunneling of Ca2+ further away
from the PM (Fig. 9). The existence of trans-mitochondrial Ca2+
diffusion was demonstrated in other cell types [34,38]. Such diffusion
follows a formation of high local [Ca2+] domains inside mitochondria
in the conditions unfavorable for Ca2+ extrusion and provides Ca2+
transport to the extrusion sites distal from Ca2+ uptake. In the
conditions of sustained stimulation, such extrusion is crucial for the
ER reﬁlling, since Ca2+ sequestered into the mitochondria within the
PM-mitochondria junctions diffuses through the mitochondria and is
redirected to the unsaturated SERCAs away from the PM (Fig. 8B).
In conclusion, (i) activation of SOCE is associated with the
increases in [Ca2+]cyt, [Ca2+]mit and [Ca2+]ER, which amplitude and
kinetic correlate with the degree of ER depletion; (ii) in the absence of
an agonist, the ER reﬁlling occurs mainly through SERCA-mediated
Ca2+ uptake within ER–PM junctions; (iii) under the sustained
stimulation, mitochondria are the core system responsible for the
sustained SOCE and sufﬁcient ER reﬁlling. The ability of mitochondria
to adjust Ca2+ dynamic to the pattern of cell stimulation may
represent a novel function of mitochondria as an intrinsic adaptation
mechanism enabling a long-lasting secretion.
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